A journey to KAOS: tackling “wicked” infrastructure by Blom, Carron
A journey to KAOS:  
tackling “wicked” infrastructure 
C. M. Blom1,2 
1Department of Engineering, Cambridge University, UK 
2Anguillid Consulting Engineers and Scientists Ltd., New Zealand 
Abstract 
Infrastructure exists in a complex environment within the context of society. It 
supports the well-being of our communities and enables (or constrains) 
development. It is currently estimated that in the short-term more than US$53 
trillion needs to be invested globally in new infrastructure.   
     It is no surprise then that there is a drive to make better use of existing 
infrastructure and that there is a growing awareness that a key part of the equation 
is the untimely erosion of asset ‘value’ (in its broadest sense) and of functional 
outcomes. Intertwined with this is an industry realisation that some project level 
‘sustainability’ initiatives have performed poorly or do not work well within 
current engineering and organisational conventions. It makes little sense then to 
seek an improvement in such initiatives when the system itself does not support 
them. This is particularly so where there is an inherent inability to transfer 
knowledge across the life cycle of an asset or system.   
     This paper advances several of the author’s concepts from infrastructure 
practice in New Zealand. Industry examples are used to explore whether the 
interface of engineering process and the organisational frameworks that ‘cocoon’ 
this presents an infrastructure opportunity. In doing so, it sets out the a priori 
constructs for a research programme that will enquire into how decision making 
processes affect infrastructure fitness. 
Keywords:  infrastructure management, land transport, value innovation, systemic 
sustainability, adaptive capacity, resilience, fitness, complex systems, decision 
making. 
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1 Introduction 
This article aims to bridge a practitioner/academic transition by presenting an 
industry perspective and overviewing some of the a priori constructs to be 
developed through further research. To this end, the article briefly traverses the 
concepts of sustainability and some of the issues facing infrastructure management 
in the New Zealand context, before providing an overview of approaches that have 
been developed by this author and are concurrently being developed by industry 
to address the issues before it. The paper does not seek to present a complete 
picture, but rather to canvas a few select matters that have led to the development 
of, and provide the background to, a research programme (which is briefly 
outlined). The subsequent research will explore how decision making contributes 
to the fitness of outcomes (adaptation, resilience, and values retention) within 
infrastructure ‘systems’ with the aim of improving performance and thence the 
sustainability of outcomes. 
2 Sustainability and infrastructure  
Sustainability is a well-established concept and has been in common usage at least 
since the “Brundtland Report” in the late 1980s [1]. In the New Zealand context, 
sustainability is embedded within the purpose of the principal environmental 
legislation, the Resource Management Act (RMA [2]). Sustainability is not a state 
of stasis however, and this introduces both complexity and uncertainty [3, 4]. 
Consequently, adaptive management is an oft adopted approach in New Zealand 
[5–7]. Sustainability as a principle is therefore an intrinsic part of infrastructure 
projects in New Zealand.    
     The presence of legislative or other drivers does not preclude the opportunity 
for innovation and improvement within the infrastructure setting (e.g. [7–9]). 
Similarly this also does not preclude implementation issues, which range from the 
uptake of principles [10], implementation of consent conditions [6], through to 
functionality and performance in operations [11, 12]), amongst others. 
     Some of the implementation issues being experienced at the practical or applied 
level appear to stem from a dichotomy that arises from the inherently systemic 
nature of sustainability [13, 14] and the reductionist or project oriented nature of 
business and engineering [15, 16].  This is perhaps underscored (at least in the 
New Zealand context) by the RMA and the legislative focus in the consenting of 
capital works and can be seen in infrastructure within (for example) strategic 
documents and sustainability statements. 
     Whilst such initiatives are invaluable, experience has shown that despite best 
intents at this level, sustainability led initiatives are not well catered to at a system 
level.  Consequently they are frequently not delivering the outcomes sought over 
the longer term [6, 12]. This is further exacerbated by value discontinuities that 
emerge, most noticeably, between capital projects and operations [11]. To effect 
sustainable outcomes then, this dichotomy needs to be further reconciled and a 
way found to apply the “action lessons” to the social-technical system itself [18].   
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     Sustainability assessments often draw upon triple or quadruple bottom line 
tools (e.g. [19, 20], and present the approach as nested or overlapping ‘well-
beings’ (inferring a balancing exercise; refer to Figure 1). One of the issues with 
this approach is that whilst it encourages discourse and seeks balance, it does not 
reference why an action is being taken (and whether the right choice is being 
made). This might seem self-evident, yet project context can be obscured or even 
lost in the engineering, the detail of a business case, or other process hurdles 
(which may focus on the ability to ‘tick boxes’). That ‘sustainability’ can, despite 
the statutory drivers, sometimes be treated as an adjunct can further cloud matters.   
     A simple modification of the quadruple bottom line approach has been 
developed and used in the infrastructure arena.  This introduces a fifth element: 
function (refer to Figure 2). The approach has been found to provide an effective 
focus (what problem are we solving/what is the question/purpose?). It also seeks 
to integrate sustainability conversations earlier within decision making processes, 
and also serves as a reminder that function is not solely about the asset itself  
[21, 22].   
 
 
         
Figure 1: Quadruple bottom line 
approach to sustainability 
[19, 23]. 
Figure 2: Fifth element sustainability 
approach. 
     The ‘fifth element approach’ also seeks to clearly distinguish between the basic 
functions required for long-term performance, and additional features that might 
be modified by a willingness or ability to fund.  Note too that the fifth element 
may not necessarily be centred in all instances and this is where the willingness or 
ability to fund factors can assist in addressing trade-offs that may arise. This then, 
provides a counterpoint tension to the classic time-cost-quality triangle [24] by 
providing the opportunity to focus on and pursue: 
 Community  aspirations or priorities;  
 Constraints; 
 Performance and outcomes (as distinct from quality or efficacy); 
 Timeliness (rather than speed); and 
 Additional resilience, robustness, and adaptive capacity.  
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3 Infrastructure sustainability 
Infrastructure exists in a complex environment within the realm of society; it does 
not exist in its own right but rather it supports the well-being of our communities 
and enables (or constrains) development.  Indeed the current vision for 
infrastructure in New Zealand has inherently sustainable ambitions in that “By 
2030 New Zealand’s infrastructure is resilient and coordinated and contributes to 
economic growth and increased quality of life.” [25].   
     It is currently estimated that more than US$53 trillion needs to be invested 
globally in infrastructure in the short-term to bring it up to an ‘acceptable level’ 
[26].  New Zealand’s public asset base alone is valued at approximately NZ$115 
billion dollars, and approximately NZ$17 billion is planned in capital works to 
2015 [25]. The operations, maintenance and renewals budget for Auckland’s 
transport assets alone is over NZ$5 billion dollars over the next decade [17]. 
     It is no surprise then that there is a drive to make better use of existing 
infrastructure [17, 25]. This reflects not only a desire to improve efficiency and 
efficacy in the face of constrained economic conditions, but reflects a growing 
awareness [27] that infrastructure assets lose value before their time and that 
knowledge, equity, and even matters such as statutory compliance status are also 
lost over the asset life cycle [6, 11, 12].   
3.1 The linear nature of life-cycles 
Despite terminologies that suggest otherwise, infrastructure delivery and 
management processes are founded in management conventions that are 
inherently linear (refer to Figure 3), and follow a command and control or 
production line tradition emanating from the industrial revolution [15, 16].  
Significant attention has been given to process efficiency [14] and this is 
reinforced from the macro level right through to the individual components within 
the asset life cycle process. This may be seen by the use of asset management tools 
that deconstruct the asset to its constituent parts but rarely capture matters of 
context or “place”.    
 
 
Figure 3: Asset management life cycle with common organisational and project 
divisions (modified from [12]). 
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     This focus on efficiency has not served to address the ultimately linear nature 
of infrastructure delivery and management.  Nor does it address the handover gaps 
that exist between project phases and organisational divisions which tend to align 
with project phasing and funding milestones (Figure 3). 
     The lack of feedback between phases and particularly so between operations 
and strategy is critical both in theory and in practice.  This accords with Busby 
[28], and also the views of Lenferink et al. [29] who opine that “although 
conceptually promising, a full backward integration linking all the different 
planning stages, has not yet been applied in practice.”  This very aspect (along 
with matters of operational complexity) was the subject of a body of work 
undertaken between 2008 and 2011 for North Shore City Council and thereafter 
Auckland Transport (excluding the State highway network, Auckland Transport 
is accountable for transportation assets and operations across the Auckland region 
of New Zealand). The project considered a regional asset that transcended 
organisational boundaries and asset functions [11, 12]. Whilst the concepts 
developed had benefits, these have since evolved further and are discussed below. 
3.2 Context and complexity 
The significance of the systemic breakdown has been particularly highlighted with 
the emergence of complex, multimodal or multifunctional (i.e. ‘wicked’) 
infrastructure and an increased focus on customer outcomes.  Whilst infrastructure 
is perhaps wicked in its complexity, processes either ignore or overly simplify this.  
However because the system is ultimately complex, this will not necessarily read 
as holistic or systemic failure [16] as is reflected by long standing engineering 
practice and processes.  This systemic ‘breakdown’ is however starting to bring a 
realisation within industry that there needs to be thinking beyond a single project 
strand and that complex infrastructure may be better served by revisiting current 
engineering and organisational conventions.   
     One of the crucial concepts to be derived from the above referenced body of 
work to address this point was the concept of Community Orientated Results and 
Co-ordinated Operating Requirements (COReTM; refer to Figure 4).   
 
  
Figure 4: COReTM [12]. Note: positions and functions indicative and illustrative 
only and case specific. 
 WIT Transactions on Ecology and The Environment, Vol 191,
 www.witpress.com, ISSN 1743-3541 (on-line) 
© 2014 WIT Press
The Sustainable City IX, Vol. 2  913
     This concept proposed refocusing (not restructuring) the hierarchical 
organisational structure on the functional outcomes and fully integrating project 
requirements across all phases of the life cycle.  This was undertaken not for the 
individual assets, but the infrastructure that was associated with the establishment 
the sense of place and its subsequent functioning. This concept was embodied 
within operational documents and started to lead to changes across the 
organisation before being overtaken by local government re-structuring.  The 
concept was subsequently developed further at an operational level for a tranche 
of regional infrastructure operations. As can be seen this integrates the 
demarcation between ‘business as usual’ and a willingness/ability to fund 
additional performance outcomes as first described in Figure 2. 
     The vision of this concept was the creation of co-ordinated collaborative units; 
best described as mimicking neural synapses when replicated at the system level; 
whereby each unit (and not unlike a complex adaptive system in its own right) 
might interface with other parts of the organisation and exist at different scales, 
facilities/projects, or functions. Because the concept does not require restructuring, 
each unit or functional team may co-exist within one or multiple units at any one 
time. This in turn gives rise to the concept of functional ascendancy in which a 
particular discipline or team may have overall accountability or priority over 
others depending on the stage in the life cycle or nature of the outcomes being 
delivered. The point however is that performance of the physical infrastructure (at 
whatever scale), and the associated services is externally focused and outcome 
oriented (at the system level).   
     This approach is aimed at changing the nature of ‘conversations’ from 
depreciation, audit requirements, and reporting timeframes to matters such as 
customer service, sense of place, enabling of business, and environmental 
outcomes (for example). This does not imply that depreciation and other 
management considerations are set aside, but rather that process is ‘reclaimed’ by 
the outcomes being sought, not the means of managing and controlling them.  This 
is also why this has been couched as a conversation; this requires a move beyond 
tick boxes or linear lists, and requires a shift in culture [3, 16, 18, 30]. 
     The approach also seeks to address overlapping interest and sometimes 
overlapping function, which in turn posed the risk of embedding organisational 
siloes.  The risk of insular processes and practices establishing was found to have 
the potential to result in (amongst other things):   
 Highly partitioned and independent operations/activities (opportunity loss); 
 Duplicate or counterproductive effort (inefficiency); 
 Omissions or degraded community outcomes; and 
 Friction or eroded team morale. 
 
3.3 The infrastructure ecosystem 
Stapledon [31] adopts a sustainable infrastructure definition that identifies 
sustainable infrastructure as being that which is ‘fit for purpose’, and “where 
fitness is a function of an asset’s capacity to be:  
 Continually useful over its entire life;  
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 Resilient and adaptable to changing external circumstances;  
 An integral and consistent part of the wider infrastructure ‘jigsaw’; and 
 Fulfilling community expectations by helping to solve sustainability 
challenges.” 
     Fitness could therefore perhaps be summarised as resilience, adaptive capacity, 
and the ability to retain values.  This articulates a broader range of considerations 
than the more usual meaning of fit for purpose, which “has a specific legal 
derivation where it is recognised that every commodity has a function to serve and 
in identifying and prescribing that function (or objective), the commodity is said 
to be ‘fit-for-purpose’ when that function/objective is fulfilled” [32].  
     However other than matters of climate change and an emergent focus on 
resilience arising largely from the effect of natural disasters (e.g. [33]), 
infrastructure sustainability is still largely focused (in research and in practice) on 
the impacts of infrastructure as a system on its wider environs [31, 34] or on its 
constituent parts. The function of the wider infrastructure system itself does not 
appear to have been widely explored. The next of the key concepts was aimed at 
addressing this and in so doing takes the previously described COReTM and relates 
this to the operational life cycle of the infrastructure network.   
     Before presenting the concept, it should be noted that for simplicity, the 
concept takes the functional ascendancy/zones of influence illustrated in Figure 4 
and instead presents these as ‘orbitals’. The approach is however the same – the 
closer to the nucleus, the higher the priority or influence. 
     The abovementioned system view was the basis for developing a more 
integrated framework from which regional scale infrastructure decision making 
and operations could be made. It sought to provide for not only context and 
complexity, but in terms of network or system function and its need to evolve over 
time (and therefore both its resilience and its adaptive capacity). It does so again 
without getting into organisational restructuring – and it considers the 
accountabilities relative to operational function rather than organisation structure. 
It also seeks to shift the focus away from the capital works pipeline to 
infrastructure performance relative to community (inclusive of business/economic 
and environmental) outcomes.   
     Figure 5 then, provides a more holistic approach and a (purposefully) 
operations centric life cycle. The strategy was developed to improve the 
management of the Auckland region’s public transport infrastructure assets (a 
cross-organisational function).  It merges life cycle processes with the notion of a 
co-ordinated (co-)operational unit and that of functional influence and associative 
ascendancy. This provides for change and a dynamic system that is oriented to its 
context and the role infrastructure plays in society. 
     As with the COReTM concept, supporting functions and “interested” 
departments (i.e. those which may have a longer term accountability for an asset 
or outcome) can therefore be involved and influence a particular stage in the 
process but not necessarily control it (as the accountability may lie elsewhere 
given the underlying organisational structure, which does not change). Similarly, 
third parties (such as community groups, adjacent landowners, utility providers) 
can also be embedded within the associative and collaborative framework.  
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 Figure 5: Kinetic Asset Operating Strategy (KAOSTM]). 
     The terms “emergent assets” are purposefully used to describe the capital works 
and project delivery processes, and “constrained” to describe existing assets: 
 ‘Emergent asset’ is used to seek a mind-set shift away from project delivery 
administration and the works process to a greater awareness that those 
projects deliver assets that need to be operated within the public realm.  
Ideally then, it would generate different processes and interactions. 
 ‘Existing assets’ are considered “constrained” as they must operate within 
defined level of service or performance indicators, community expectations, 
statutory, or other processes.  The aim is to stimulate added awareness that 
decisions need to be made relative to all applicable confining parameters. 
Willingness or ability to fund factors can be provided for and the framework 
also provides the opportunity to build fitness (i.e. incorporating the attributes of 
resilience, adaptive capacity and values retention). As such this provides for the 
retention and development of matters such as knowledge ‘equity’, or to enables 
the entropy inherent in conventional processes to be addressed. It seeks to enable 
an organisation to do so across the operational life cycle of the system (rather than 
just an asset) and because it embeds contextual matters more fully addresses the 
feedback shortcomings identified in Lenferink et al. [29] and Blom et al. [12]. The 
creation and enhancement of fitness should then enable the system to evolve and 
adapt as conceptualised in the inset to Figure 5.    
     This development of fitness is not only important to the management of 
infrastructure and the business processes of those organisations managing it (many 
of which in New Zealand are accountable to ratepayers), but it is also important to 
the wider community and environment. By retaining the fitness of the system the 
community is also able to realise the benefits of the infrastructure as consented, 
designed, or even constructed.  In theory this should be at no additional cost if the 
life cycle costs are well understood and apportioned in the project development 
phase. It might also create a long-term cost saving if infrastructure function is able 
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to be sustained across the original design life.  Either of these scenarios would 
improve broader societal and environmental outcomes, both of these are however 
matters that require further research. 
     Whilst not necessarily constrained by this, fitness can be retained and enhanced 
primarily across two key milestone or handover points: 
 Operation of existing assets: By ensuring operational information is captured 
in a way that is relevant, accessible and addresses all organisational 
requirements (and not just the interests of one department). Operational 
requirements feed into the operational and maintenance cycle and in turn 
information arising from that process re-inform operational decision making.  
This evolution of information could be considerable over a 10–50 year design 
life and so is crucial to capture rather than allowing this to dissipate over time.  
Decommissioning or reinvestment decisions in the longer term should be 
better informed (i.e. this enables thinking and strategies to extend beyond 
shorter often mandated horizons). 
 New assets: By ensuring operational information informs strategy and 
planning processes and similarly all relevant design and construction 
information is fed back into operations. Whilst this cross over depends on the 
frequency of new projects, it is perhaps the one with the greatest potential to 
add value, and to create incremental and step change within the system; 
particularly if it has built a substantial and informed knowledge base over the 
life cycle of an asset. This is where operational performance matters can and 
should inform design and where design intent can be communicated and the 
decisions captured so that the “system” evolves. 
     Whilst these two key milestones are the most vital, the system also relies upon 
fitness (including aspects such as knowledge) transfer occurring at every stage.  
Consequently organisational culture of co-operation is equally as important as the 
framework. As with the preceding concept, we note that each one of these adaptive 
life cycles can co-exist at different scales and co-exist at the facility, mode, and 
function scale.   
4 Future research focus 
As noted, although infrastructure is often physically linear, as is the traditional 
engineering process and asset life cycle, it is in fact a wickedly complex adaptive 
system. The broader context, function, and use by or interaction with society – the 
humanity of infrastructure engineering as it were – is being lost [21]. This is 
exacerbated by organisational siloes within infrastructure organisations as well as 
the organisation’s capacity to manage integrated infrastructure systems with 
multiple trans-disciplinary objectives. 
     There will be an array of innovations that might improve the sustainability of 
new projects – however it is clear from experience and preliminary research that 
unless the engineering process itself is addressed along with the organisational and 
business frameworks that support it, it is unlikely that those innovations would 
affect the systemic change being sought [18]. Indeed, it makes little sense then to 
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try and improve the sustainability of infrastructure when the system itself does not 
support it and is ‘entropic’.   
     Consequently it is proposed that by tackling the very nature of engineering 
process itself and the organisational frameworks that ‘cocoon’ this, a step change 
in infrastructure management (and perhaps broader sustainability practice) might 
be instigated.  Several concepts have been developed with this aim and this is the 
basis for future research.  The focus of the research will be the organisational and 
operational interface of infrastructure systems, and the associated ‘questions’ as 
they are currently framed ask: 
 How does the decision making process lead to an outcome that delivers 
fitness?    
 What sense making or decision making framework might better enable 
fitness? 
 What might change as a consequence? 
     The aim of this research is to provide a framework for and capture the outputs 
from a series of active learning and case studies so that it can assist infrastructure 
managers (and thence funders and policy makers) to improve the efficacy and 
overall sustainability of infrastructure as a complete but wicked system.   
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